Time-Resolved Laser Fluorescence Spectroscopy (TRLFS) was used to study the complexation of Cm (III) and Eu(III) in solvent extraction systems consisting of an organic phase containing TODGA (tetra-n-octyl diglycolamide) as an extracting agent and an aqueous phase containing hydrophilic complexing agents, tetrasodium salts of 2,6-bis(5,6-di(3-sulphophenyl)-1,2,4-triazin-3-yl)pyridine, SO 3 -Ph-BTP 4À , or 6,6 0 - . In addition, quantum chemical optimisation of the structures of the postulated heteroleptic complexes was performed.
Introduction
Long-term radiotoxicity and the heat load of irradiated nuclear fuels are mainly due to the presence of transuranium (TRU) elements, particularly plutonium and americium. Recycling the TRU elements from irradiated nuclear fuels would lead to a significant reduction of this hazard, and to improved utilization of natural resources since less uranium mining for the production of new nuclear fuels would be required, decreasing the environmental footprint of nuclear energy. [1] [2] [3] Hence, strategies for the separation of the TRU elements from irradiated nuclear fuels and their fissioning (''burning'') in nuclear reactors are considered in many countries. [4] [5] [6] The separation of plutonium is implemented in the PUREX process (Plutonium Uranium Reduction Extraction). 7 Furthermore, also neptunium can be separated under similar conditions in an advanced version of the PUREX process. 8, 9 However, selective separation of the trivalent actinides, An(III), americium and curium, from the resulting PUREX raffinate, leaving the chemically similar lanthanide fission products, Ln(III), is extremely challenging. 10 Nonetheless, this separation is extremely important since some lanthanide isotopes having large cross sections for neutron capture would significantly reduce the efficiency of fissioning actinides. Hence, highly selective ligands are required as extractants to achieve this separation. Alkylated N-donor ligands containing a 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine (BTP), 6, 6 0 -bis(5,6-dialkyl-1,2,4-triazin-3-yl)-2,2 0 -bipyridine (BTBP) or 2,9-bis(5,6-dialkyl-1,2,4-triazin-3-yl)-1,10-phenanthroline (BTPhen) core structure have excellent selectivity for the extraction of An(III) over Ln(III) from nitric acid (see ref.
11-13 and the references therein). By exchanging the alkyl groups for sulfonated phenyl moieties, novel water-soluble N-donor ligands were synthesised (Scheme 1), easily dissociating into anions of À4 charge, even in acidic aqueous solutions. These complexing agents retain the BT(B)P selectivity for An(III)-over-Ln(III) complexation in the aqueous phase, offering new possibilities for the development of separation processes.
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The combination of co-extraction of An(III) and Ln(III) from the PUREX raffinate by using a lipophilic diglycolamide ligand TODGA (N,N,N 0 ,N 0 -tetra-n-octyl-diglycolamide, Scheme 2), followed by selective stripping of An(III) using a hydrophilic BTP, 2,6-bis(5,6-di(3-sulphophenyl)-1,2,4-triazin-3-yl)pyridine, (SO 3 -Ph-BTP 4À , Scheme 1 top) dissolved in the aqueous phase, results in large separation factors of An(III) over Ln(III), which is the basis of various separation processes. [22] [23] [24] [25] [26] However, the experimental results related to the complexation of An(III) with these anionic N-donor ligands in the aqueous phase were rather difficult to interpret. Since Am(III) and Cm(III) prefer 9-fold coordination, 27 Similar observations were made for the related tetradentate chelators SO 3 -Ph-BTBP and SO 3 -Ph-BTPhen (Scheme 1).
The expected formation of Cm(III) 1 : 2 complexes with these ligands was confirmed by spectroscopic studies in aqueous solutions. 17 After the addition of SO 3 -Ph-BTP or SO 3 -Ph-BTBP, the samples were shaken and equilibrated for 15 minutes before recording the emission spectrum. The TEDGA concentration was increased by stepwise addition of TEDGA solution. After each addition, an emission spectrum was recorded. Solvent extraction experiments were performed by shaking each 0.5 mL organic (0.2 mol L À1 TODGA + 5 vol% octanol in TPH (''hydrogenated tetrapropylene'', a kerosene diluent)) and aqueous (10
0.7 mol L À1 HNO 3 ) phases using a vortex shaker (40 Hz) for 15 min, sufficient to attain equilibrium. The phases were separated by centrifugation and emission spectra were recorded.
Determination of SO 3 -Ph-BTP in organic phases
Transfer of SO 3 -Ph-BTP to the organic phase was determined spectrophotometrically by stripping SO 3 -Ph-BTP back to the aqueous phase and measuring the absorbance of the Fe(II)-SOPh-BTP complex on a Cary 6000i UV-vis spectrophotometer using cuvettes with a path length of 10 mm. since Eu(III) was not completely stripped in the first step. These aqueous phases were further processed as described above.
TRLFS setup
The TRLFS (Time-Resolved Laser Fluorescence Spectroscopy) setup consisted of a Nd:YAG laser pumped (Continuum Surelite Laser) dye laser system (NARROWscan D-R Dye Laser) with a repetition rate of 10 Hz. An ICCD camera with an integrated delay controller (iStar, Andor) was used to record the fluorescence signal after spectral decomposition using a Shamrock 303i spectrograph. For the excitation of Cm(III), a wavelength of 396.6 nm was applied. Scattering light and short-lived fluorescence of organic compounds were discriminated by a delay time of 1 ms between the excitation of Cm(III) and the measurement of the fluorescence signal. For the measurement of fluorescence lifetimes the delay time between excitation and recording of the fluorescence signal was increased stepwise in the range of 0-2100 ms.
Quantum chemistry
Quantum chemical optimisation of the structures of relevant heteroleptic complexes with TEDGA allows for a detailed view of their structural properties. Accordingly, we used the density functional theory (DFT) method to optimise the structures of
In all calculations the BH-LYP functional 39 as implemented in the TURBOMOLE software package 40 was used, following the protocol of a recent study. 41 The Cm(III) ion is described by the effective core potential (ECP60MWB 42 ) and corresponding basis sets of triple zeta quality. All other atoms are described by the standard def-TZVP basis set. 43 
Results and discussion
Part I: heteroleptic complexes in the organic phase by extraction experiments
The formation of heteroleptic complexes in the organic phase by extraction experiments would explain the aforementioned discrepancy between the results of slope analysis and spectroscopic studies. Spectroscopic techniques were applied to probe their presence in the systems studied. To determine whether heteroleptic complexes were formed in the organic phase, even in small amounts, direct excitation measurements were applied using Eu(III) as a substitute. An extraction experiment was performed using an aqueous phase (Fig. 2, top) . Furthermore, the excitation spectrum of the 5 D 0 -7 F 2 transition shows only one emission band corresponding to the exclusive formation of [Eu(TODGA) 3 ](NO 3 ) 3 in the organic phase (Fig. 2, bottom) . Quantification of SO 3 -Ph-BTP transfer to the organic phase. curves for the two wavelengths corresponding to the absorbance maxima are shown in Fig. S1 (bottom) 3 , respectively). No heteroleptic complexes of Cm(III)/Eu(III) were found in any phase of the extraction system. The amount of potentially formed heteroleptic complexes in the organic phase in the extraction experiment may be too low to be detected using the methods applied. However, the finding that SO 3 -Ph-BTP measurably partitions to the organic phase when higher concentrations of Eu(III) are extracted indicates the formation of heteroleptic complexes in the system-Eu(III) (or any other metal ion) is not expected to partition to the organic phase as a homoleptic SO 3 -Ph-BTP complex.
Part II: heteroleptic complexes in monophasic aqueous solutions 44 Hence, the emission bands at 606.9 nm and 612.5 nm remain unidentified. The emission band at 606.9 nm is formed at TEDGA concentrations Z5 Â 10 À6 mol L
À1
. Formation of the second unidentified emission band at 612.5 nm begins at TEDGA concentrations Z3.5 Â 10 À5 mol L À1 .
To investigate the composition of the complexes corresponding to the unidentified emission bands the pure component spectra of all species were obtained from the spectra of the titration experiment by peak deconvolution (Fig. 4) . Applying the pure component spectra, the fractions of the present complex species were determined as a function of the TEDGA concentration.
Since the spectra of all the complex species containing solely SO 3 -Ph-BTP or TEDGA are known, the new emission bands at 606.9 nm and 612.5 nm may be attributed to the heteroleptic complexes containing SO 3 -Ph-BTP 4À and TEDGA. Hence, the following equilibrium was assumed: 18 Thus, the formation of heteroleptic complexes with SO 3 -Ph-BTBP and TEDGA in aqueous solution was also investigated. Fig. 7 displays the normalised Cm(III) emission spectra of a titration experiment with an aqueous solution , and TEDGA and the heteroleptic complexes. (n = 1-3) complexes. 36 Finally, a peak with a maximum at Applying the pure component spectra (Fig. 8) , the fractions of the complex species were determined as a function of the TEDGA concentration. The distribution of the Cm(III) species as a function of the TEDGA concentration in the presence of SO 3 -Ph-BTBP is shown in Fig. 9 It has a maximum fraction of approximately 25% at 8 Â 10 À4 mol L À1 TEDGA.
The fluorescence lifetime of Cm(SO 3 -Ph-BTBP)(TEDGA) À was not determined because the relative intensity of its emission band was too low and it overlapped with other emission bands.
Structural information
Supporting the findings from the experiments, all optimised heteroleptic complexes were found to be true minima on the potential surface. The bond distances are similar to those in the corresponding lipophilic BT(B)P derivatives, 41 except for those with the pyridine nitrogen atom, N pyr . The repulsion of the negatively charged sulfonate groups leads to an increased flexion of the ligand, increasing the Cm-N pyr bond length (Table 1) . In particular, the bonds with the N pyr and N tri atoms in the [Cm(SO 3 -Ph-BTBP)(TEDGA) 2 ] À complex are elongated to 2 ] 5À , were detected in the organic and aqueous phases, respectively. However, the presence of low concentrations of SO 3 -Ph-BTP in the organic phase by an extraction experiment employing a rather large concentration of Eu(III) was detected photometrically. Since in the absence of Eu(III), no SO 3 -Ph-BTP was detected in the organic phase, this result is indirect evidence for the formation of a heteroleptic complex. Its concentration was estimated to be as low as 0.2% relative to that of the [Eu(TODGA) 3 ](NO 3 ) 3 complex, which explains why it went undetected by TRLFS.
Finally, aqueous monophasic systems containing TEDGA and SO 3 -Ph-BTP or SO 3 -Ph-BTBP were studied. With À was identified in the system containing SO 3 -Ph-BTBP. Optimised structures of these complexes were calculated by DFT. While this study is the first to support the existence of heteroleptic complexes in solvent extraction systems combining heterocyclic N-donor ligands and TODGA, its results may be of more general relevance: for example, in the case of another water-soluble N-donor ligand, 2,6-bis(1H-1,2,3-triazol-4-yl) pyridine, similar discrepancies between the results of solvent extraction 47 and spectroscopic studies 48 were observed.
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